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Recognition of CpG DNA is mediated by signaling pathways
dependent on the adaptor protein MyD88
Markus Schnare*†, Agnieszka Czopik Holt*†, Kiyoshi Takeda‡, Shizuo Akira‡
and Ruslan Medzhitov*
The innate immune system evolved to recognize
conserved microbial products, termed pathogen-
associated molecular patterns (PAMPs), which are
invariant among diverse groups of microorganisms.
PAMPs are recognized by a set of germ-line encoded
pattern recognition receptors (PRRs). Among the best
characterized PAMPs are bacterial lipopolysaccharide
(LPS), peptidoglycan (PGN), mannans, and other
constituents of bacterial and fungal cell walls, as well as
bacterial DNA. Recognition of bacterial DNA is the most
enigmatic of these, as it depends on a particular
sequence motif, called the CpG motif, in which an
unmethylated CpG present in a particular sequence
context accounts for a potent immunostimulatory activity
of CpG DNA. Receptor(s) of the innate immune system
that mediate recognition of CpG DNA are currently
unknown. Here, we report that recognition of CpG DNA
requires MyD88, an adaptor protein involved in signal
transduction by the Toll-like receptors (TLRs), essential
components of innate immune recognition in both
Drosophila and mammals [1,2]. Signaling induced by
CpG DNA was found to be unaffected in cells deficient in
TLR2 or TLR4, suggesting that some other member of
the Toll family mediates recognition of bacterial DNA.
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Results and discussion
Drosophila Toll is required for the detection of fungal infec-
tion and induction of the anti-fungal peptide drosomycin
[3]. In the mouse, TLR2 and TLR4 mediate recognition of
bacterial PGN and LPS, respectively [4]. The functions of
the other members of the Drosophila and mammalian Toll
families are currently unknown, although it is expected that
at least some of them are involved in innate immune recog-
nition. PAMPs are potential targets of innate immune
recognition and, therefore, possible ligands for TLRs. One
such PAMP, bacterial DNA, has potent immunostimulatory
activity. This activity depends on the presence of an
unmethylated CpG motif that is characteristic of bacterial
but not mammalian genomic DNA [5,6]. Here, we tested
the possibility that a member of the Toll family mediates
recognition of CpG DNA. We used MyD88-deficient cells
derived from MyD88 knockout mice, as Toll-induced cel-
lular responses have been shown to be dependent on
MyD88 [7,8]. MyD88 is also involved in interleukin-1
(IL-1) and IL-18 signaling [9–12] and, presumably, in sig-
naling by other members of the IL-1 family. The activities
of IL-1 and IL-18 are both dependent on processing by
caspase-1 (also known as ICE) [13]. Therefore, to distin-
guish the effect of the MyD88 deletion on Toll signaling
from its effect on IL-1/IL-18 signaling, we used cells
derived from caspase-1 knockout mice as a control.
The immunostimulatory effect of CpG DNA was first
clearly demonstrated by its ability to stimulate prolifera-
tion of B cells [14–16]. Therefore, we tested whether CpG
DNA could induce proliferation of MyD88-deficient
B cells. As expected, CpG DNA strongly induced prolifer-
ation of B cells derived from wild-type mice, whereas
MyD88-deficient B cells did not proliferate in response to
CpG DNA (Figure 1a). B lymphocytes derived from
caspase-1 knockout mice proliferated in response to CpG
comparably to wild-type cells (Figure 1a), suggesting that
the effect of the MyD88 deletion is not due to a defect in
IL-1/IL-18-mediated signaling. This result indicates that
CpG DNA may signal through receptors of the Toll
family. Therefore, we tested the two available TLR-defi-
cient mouse strains: the C57BL/10ScCr, which carries a
spontaneous deletion of the TLR4 gene [17,18], and
TLR2 knockout mice [4]. Like wild-type cells, B cells
deficient in either TLR2 or TLR4 proliferated in
response to CpG (Figure 1a). This result, together with
the normal responses of cells deficient in caspase-1, sug-
gested that a member(s) of the Toll family other than
TLR2 or TLR4 is involved in recognition of CpG DNA.
We next tested whether CpG-induced expression of
CD86 and upregulation of major histocompatibility
complex (MHC) class II molecules on B cells is mediated
by the MyD88 signaling pathway. B lymphocytes from
MyD88 knockout mice and their wild-type littermates, as
well as those from TLR4-deficient mice, were stimulated
by CpG DNA. CD86 and MHC class II cell-surface
expression was analyzed by fluorescence-activated cell
sorting (FACS). As shown in Figure 1b, CpG DNA
strongly induced expression of CD86 and MHC class II
molecules on B cells from wild-type and TLR4-deficient
mice. In contrast, this induction was completely abrogated
in MyD88-deficient B lymphocytes.
As CpG DNA is also known to have a pronounced
stimulatory effect on macrophages [19–21], we examined 
CpG-induced expression of IL-6 by wild-type and MyD88-
deficient macrophages. Cells derived from caspase-1
knockout mice were used as a control for IL-1-mediated
induction of IL-6. We found that the production of IL-6 in
response to CpG stimulation was completely abolished in
MyD88–/– macrophages, but was normal in cells deficient
in caspase-1, TLR2 or TLR4 (Figure 2a). Oligonu-
cleotides consisting of an inverted CpG sequence (GpC)
were used as a control and, as expected, did not induce
detectable amounts of IL-6 (Figure 2a).
We next determined whether activation of the transcrip-
tion factor NF-κB is deficient in MyD88–/– macrophages.
In wild-type cells, both LPS and CpG DNA induced
NF-κB activation, as evidenced by the degradation of IκB
protein (Figure 2b). In MyD88–/– macrophages, LPS still
induced IκB degradation, although with delayed kinetics,
as is consistent with published observations [7]. Unlike
LPS, CpG DNA did not induce IκB degradation in
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Figure 2
(a) IL-6 production by macrophages during CpG stimulation is
mediated by a signaling pathway dependent on MyD88. Adherent
thioglycollate-elicited peritoneal exudate cells (PECs) from the
indicated mouse strains were treated with different stimuli for 24 h. The
release of IL-6 into the supernatant was analyzed by specific enzyme-
linked immunosorbent assay (ELISA) using anti-mouse IL-6 monoclonal
antibodies. ND, not detected. (b) The MyD88 signaling pathway is
necessary for CpG-DNA-induced IκBα degradation. Peritoneal
macrophages were stimulated with CpG DNA, or LPS as a control, for
the indicated times (min) and lysed thereafter. For each timepoint,
30 µg total protein was processed for SDS–PAGE and analyzed by
immunoblotting for IκBα protein.
Current Biology   
  
CpG DNA (20 m M) 
CpG DNA (20 m M) 
0 10 20 60 90 0 10 20 60 90
  0 10 20 60 90 0 10 20 60 90
LPS (100 ng/ml)
LPS (100 ng/ml)
Wild type
MyD88–/–
Control CpG (10 m M) GpC (10 m M)
N
D
N
D
N
D
N
D
N
D
N
D
N
D
N
D
N
D
N
D
N
D
IL
-6
 c
on
ce
nt
ra
tio
n
(p
g/
m
l)
(a)
(b)
0
200
400
600
800
1,000
1,200
W
ild
 ty
pe
M
yD
88
–/
–
IC
E
–/
–
TL
R
2–
/–
B
/1
0S
cC
r
W
ild
 ty
pe
M
yD
88
–/
–
IC
E
–/
–
TL
R
2–
/–
B
/1
0S
cC
r
W
ild
 ty
pe
M
yD
88
–/
–
IC
E
–/
–
TL
R
2–
/–
B
/1
0S
cC
r
Figure 1
CpG-induced B-cell activation is dependent on MyD88. (a) B-cell
proliferation in response to CpG DNA. B cells from the indicated
mouse strains were purified from spleen by complement kill of CD4+,
CD8+ and macrophages. Non-adherent cells were cultured in the
presence or absence of different amounts of stimulating CpG DNA
(5′-TCCATGACGTTCCTGACGTT-3′, phosphorothioate modified) at
1 × 106 cells/ml. After 48 h, the cells were pulsed with [3H]thymidine
(0.5 µCi per well, NEN) for 16 h and processed for beta counting.
Results shown are representative of three independent experiments.
MyD88–/–, MyD88-deficient cells; ICE–/–, caspase-1-deficient cells;
B/10ScCr, TLR4-deficient cells derived from C57BL/10ScCr mice;
TLR2–/–, TLR2-deficient cells. (b) Upregulation of co-stimulatory
molecules on the surface of B cells after CpG stimulation. B cells were
prepared as above and cultured at 3 × 106 cells/ml with or without
10 µM CpG for 12 h. After the stimulation, the surface expression of
CD86 and MHC class II were analyzed by flow cytometry. Results
shown represent gated B cells. Shaded area, stimulated cells;
unshaded area, untreated controls. 
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MyD88–/– macrophages (Figure 2b). Therefore, although
both LPS and CpG DNA signal through MyD88, the sig-
naling pathways initiated by these stimuli are not identi-
cal, reflecting a possibility that different TLRs can activate
overlapping but distinct signaling pathways.
CpG DNA has been shown to be a potent inducer of den-
dritic cell activation [22]. Dendritic cells play a pivotal role
in the initiation of the adaptive immune responses [23].
Upon interaction with microbial pathogens or PAMPs in
peripheral tissues, dendritic cells undergo developmental
changes collectively referred to as maturation [23]. The
hallmark of dendritic cell maturation is the induction of
cell-surface expression of CD80 and CD86 molecules, as
well as migration into lymphoid tissues and production of
cytokines such as IL-12 [23]. We therefore tested whether
the induction of dendritic cell maturation by CpG DNA is
mediated by the MyD88 signaling pathway. Consistent
with published reports, CpG DNA induced secretion of
large amounts of IL-12 by dendritic cells from wild-type
mice. However, no detectable IL-12 was produced in
response to CpG stimulation by dendritic cells derived
from MyD88 knockout mice (Figure 3). As expected, den-
dritic cells from TLR4-deficient mice produced wild-type
levels of IL-12 in response to CpG DNA (Figure 3).
Collectively, the results described here indicate that the
immunostimulatory effect of CpG DNA on the three
types of professional antigen presenting cells — dendritic
cells, macrophages and B cells — is mediated by a MyD88
signaling pathway. MyD88 is involved in signal transduc-
tion by the Toll and IL-1 receptor families. The activities
of the IL-1 family of cytokines, including IL-1 and IL-18,
is dependent on processing by caspase-1 [13] but, in all
the experiments described here, the absence of caspase-1
had no effect on cellular responses induced by CpG DNA.
We tested whether TLR2 and TLR4 are involved in the
recognition of CpG DNA and found that they are not, at
least on the basis of the assays used in this study. We
believe, therefore, that CpG DNA is recognized by a Toll
receptor other than TLR2 and TLR4. Cell lines that
express endogenous or transfected TLR1 through TLR6
did not respond to CpG DNA (data not shown), suggest-
ing that some other member of the Toll family may
mediate CpG DNA recognition. Although the identity of
the Toll receptor responsible for recognition of CpG DNA
remains unknown at this point, the fact that CpG DNA
requires internalization to exert its stimulatory effect
[16,21] suggests that the TLR that mediates the recogni-
tion may be expressed in an intracellular compartment,
such as the late endosome, phagosome or lysosome.
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Figure 3
Wild-type and B10/ScCr dendritic cells, but not dendritic cells from
MyD88–/– animals produce IL-12 when stimulated with CpG
oligonucleotides. Bone marrow dendritic cells were prepared from
bone marrow suspensions cultured for 5 days in DC Growth Medium
(RPMI 5% FC + 1% GM-CSF) and stimulated with 10 µm CpG or
10 µm GpC oligonucleotides or left untreated. Supernatants were
taken 24 h and 48 h after stimulation and analyzed for IL-12 by ELISA
using specific capture and detection antibodies. Results shown are
from one of three independently performed experiments; error bars
represent standard deviation. ND, not detected.
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